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Abstract

sc2 is a new implementation of the Streams-C language and compiler. This document describes the design and implemen-
tation of the sc2 preprocessors and runtime and simulation libraries. The sc2 Reference Manual contains more information
on the Streams-C programming language and the sc2 compiler structure. It should be read before reading this document.
The sc2 preprocessors take as input the sc2 language program and translate the user directives into C++ code in the case of
simulation or synthesis. For hardware processes, the preprocessor produces compiler pragmas as well. The Sim/RT libraries
contain the code for initiating and terminating processes, communicating through streams and signals and the sc integer
types.

1. Intr oduction

This documentdescribestheimplementationof thesc2preprocessorsandthesimulationandruntime(Sim/RT) libraries.
First, we will describethe goalsof the sc2 Sim/RT implementationandchangesfrom the previous implementation.We
describethe organizationof the sc2compilerup to, but not including the backendstages,which translatethe program’s
hardwareprocessesinto VHDL for theFPGAs.We describethedifferentpathstheprogramcantake dependingon whether
the user is compiling for simulationor synthesis. In the synthesiscase,we describethe preprocessingrequiredfor the
user’s hardwareprocessesversussoftwareprocesses.We alsodescribethe organizationof the Sim/RT libraries– the way
they implementprocesses,streams,signalsandsc types. This descriptionwill alsoincludehow the intrinsic functionsare
implemented.A brief summaryof thedirectorystructureof theSim/RT librarieswill bepresentedaswell.

2. Goalsof the sc2Sim/RT libraries

In the caseof simulation,the goalsof the Sim/RT librariesareto translatethe user’s directivesinto codenecessaryto
implementsoftwareandhardwareprocesses,streamsandsignalsin software.Theprogramshoulddothesamethingit would
if it wererunningwith a combinationof hardwareandsoftwareprocesses,however it will not have thesameperformance,
sinceit is only runningin software.Theoutputs,however, shouldbethesame.Thesimulationcaseshouldbeusedto check
thatprocess,streamandsignalconnectionsarecorrect.It shouldbeableto provide information,via print statements,to the
useraboutits executionpathsandstate.

In the caseof synthesis,the goalsof the Sim/RT libraries are to do two translations. For the software processes,it
translatesthe user’s directives into codenecessaryto implementthem in software. For the hardware processes,it does
a separatetranslationwhich includesthe C codefor the hardwareprocesses.It alsogeneratescompilerpragmasfor the
synthesiscompiler. Thesynthesiscompilerprocessesall of this to generatethehardwarecodes(in VHDL) neededto run the
processeson FPGAs.

New goalsfor thesc2Sim/RT library implementation(beyondwhatwasin theoriginal version):

� Signalsandtheir accompanying wait() andpost()functions

� Predefinedintegerdatatypes(signedandunsignedintegersof variousbit lengths)



� Arraysof processes,which impliesarraysof streamsandsignals,sinceeachprocesswill containthesamenumberand
typeof streamsandsignals,just perhapsconnecteddifferently.

� Differentway of specifyingprocesses,streamsandconnectionsin the directiveswritten by the user. sc2eliminates
STREAM directivesand INPUT andOUTPUT directives in the PROCESSdefinition. sc2addsstreamandsignal
elementdatatypesto theIN/OUT STREAM andSIGNAL directivesandaddsa CONNECTdefinition to connectthe
streamsandsignalsof thedifferentprocesses.

� Processescanbeinitiatedandterminateddynamicallyby main()or othersoftwareprocesses.

� sc2allows thepossibilityof runningprocesseson othermachinesin a network or cluster. Thecommunicationportion
of the implementationthenneedsto be designedto allow you to implementthe sc2softwareprocessesin different
ways(threadsor regularUNIX processeson onehostor over a network) andto be ableto implementthe hardware
processeson FPGAson othermachinesaswell.
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Figure 1. Organization of sc2

3. Organizationof the sc2Sim/RT Libraries

Thefigureaboveshows theorganizationof thesc2compiler.
TheSim/RT portiondescribedby this documentincludesall of thecomponentsabove thedottedline. Below thedotted

line lies thebackendof thesystem,thetruecompilers.On the left is thesynthesispathof execution.In this path,theuser
expectsthe programto be compiledto run softwareprocessesin softwareand to run hardwareprocesseson the FPGAs.
Within thesynthesisside,theuser’s programis brokendown into two parts,thesoftwareandhardwareprocesseswhich get
processedfurthereitherby linking to theSim/RT librariesor by goingthroughthesynthesiscompiler. TheSim/RT libraries
containthe codethat implementsthe processes,streams,signalsandsc datatypes.The hardwareAPI library containsthe
interfaceto thehardwareusedby thehardwareprocessesin theprogram.This library is usedwhensoftwareprocessesneed
to communicatewith hardwareprocesses(in theimplementationof streamsandsignals).Thesynthesiscompileroutputsbit
streamfiles, which representthefunctionsrun on eachof theFPGAboardprocessors.Thesebit streamfiles arereadin by
the applicationexecutable.In contrast,on the right sideof the figure is the simulationpathof execution. In this pathall
processesareimplementedin software.



4. The Preprocessors

4.1. Preprocessingfor SoftwareSideof Synthesis

For software processes,the app.scfile is preprocessedinto a file called appsyn.cpp. Eachprocessdefinedbecomes
a new derived classof sc sw processor sc hw process. Eachprocessclassdefinesa constructorand memberfunction
run() (which merelycalls thePROCESSFUN definedfor thatprocess).ThePROCESSFUN directive becomesa function
entitled “[PROCESSname]run” taking oneargument,a pointer to an object that is the classtype of the process.Each
processfunction is allowedoneparameter, which is implementedasa memberof thenewly definedprocessclass.Streams
andsignalsarealsomembersof eachprocessclassdeclared.They all canbeeasilyaccessedin therun functionssincethe
processobjectis passedasanargument.A globalvariable,sc2processes,is anarrayof thenewly createdprocessobjects.
An sc systemobject is createdas a global variable,“sc2 system”. The appsyn.cppfile will containclassdefinitionsof
softwareandhardwareprocesses,but run functionsonly of thesoftwareprocesses.Themain()will beaugmentedto contain
theconnectcallsto connectstreamsandsignalsbetweensoftwareprocessesandbetweensoftwareandhardwareprocesses.It
alsocontainstheassignmentof registersto streamandsignalportsif they arein hardwareprocesses.Hardwareto hardware
connectionswill not be included. The main() is also augmentedto start up andshutdown the processorsbeingusedin
synthesisaswell asto startup andshutdown thesoftwaresystem.

4.2. Preprocessingfor HardwareSideof Synthesis

On thehardwareside,theapp.scfile is processedandtranslatedinto onefile calledapp.cfbeforebeingprocessedby the
synthesiscompiler. It includes:
� thearchitecturedefinitionof thehardware(in pragmas).

� includefiles,suchasmacrosfor thehardwarecompilerandotherthings.

� externdeclarationsof functionsthatarerunningin softwareandtheir pragmas

� definitionsof functionsrunningin hardwareandtheir pragmas.

� pragmasfor eachprocessdeclaredin ///PROCESS

� pragmasfor eachconnectiondeclaredin ///CONNECT

Functionheadershave void returnvaluesandtake processesandparametersasarguments.Pragmasyntaxis definedin the
sc2ReferenceManual.

4.3. Preprocessingfor Simulation

The app.scfile is processedandtranslatedinto appsim.cpp. This is donein a similar mannerto preprocessingfor the
softwaresideof synthesis,howevereveryprocessis aderivedclassof sc sw process.All connectionsarerepresentedandall
run functionsareincluded.Thereare,however, no registerassignmentsor startup/shutdown of processors.

4.4. PreprocessorExamples

Someexamplesare presentedhereto illustrate the C
���

codegeneratedfor synthesisand simulation. The pragmas
generatedby thepreprocessorfor thehardware(the.cf file) arenotpresentedhere,asthey areexplainedin thesc2Reference
Manual.

Considerthefollowing sc2directivesfor ahardwareprocess.

/// PROCESS_FUN controller_run
/// PROCESS_FUN_BODY
/* code omitted */
/// PROCESS_FUN_END

/// PROCESS controller PROCESS_FUN controller_run TYPE HP ON pe0



For the softwaresideof synthesis,it will becomea sc hw process,runningon a processor, pe0(the run function is not
includedfor hardwareprocesses).

class controller_c : public sc_hw_process {
public:
controller_c(const char* process_name,

unsigned int new_id,
sc_system* sys,
processor* pe)

:sc_hw_process(process_name, new_id, sys, pe)
{
}

void* run(){};
};

controller_c* controller = new controller_c("controller", 1, sc2_system, pe0);

For thesimulation,it will becomeansc sw processrunningon thehostmachinewith codeincludedfor therun function:

class controller_c : public sc_sw_process {
public:
controller_c(const char* process_name,

unsigned int new_id,
sc_system* sys,
host_machine* hm)

:sc_sw_process(process_name, new_id, sys, hm)
{
}

void* run();
};

controller_c* controller =
new controller_c("controller", 1, sc2_system, sc_host);

void* controller_run (controller_c* proc)
{
/* code omitted */
}

Considerthefollowing sc2directivesfor asoftwareprocesswith a port (anoutputstream)anda parameter:

/// PROCESS_FUN host1_run
/// OUT_STREAM sc_int32 output_stream
/// PARAM int iterations
/// PROCESS_FUN_BODY
/* code not included here for simplicity */
/// PROCESS_FUN_END

/// PROCESS host1 PROCESS_FUN host1_run

For thesoftwaresideof synthesisandfor simulation,it becomesansc sw process(with processid 3) with a streamand
theparameterasmembersof its class.

class host1_c : public sc_sw_process {
public:



sc_outstream<sc_int32>* output_stream;
int iterations_param;
host1_c(const char* process_name,

unsigned int new_id,
sc_system* sys,
host_machine* hm)

:sc_sw_process(process_name, new_id, sys, hm)
{
output_stream = new sc_outstream<sc_int32>(this);

}
void* params(int iterations);
void* run();

};

host1_c* host1 = new host1_c("host1", 3, sc2_system, sc_host);

void* host1_run (host1_c* proc, int iterations)
{
/* code not included here for simplicity */
}

void* host1_c::params(int iterations)
{
iterations_param = iterations;

}

void* host1_c::run()
{
host1_run(this, iterations_param);

}

Considerthefollowing examplewith aninsignalon which it will wait.

/// PROCESS_FUN waiter_run
/// IN_SIGNAL sc_int32 insig
/// PROCESS_FUN_BODY
sc_int32 data = sc_wait(insig);

/// PROCESS_FUN_END

/// PROCESS_FUN poster_run
/// OUT_SIGNAL sc_int32 outsig
/// PROCESS_FUN_BODY
sc_post(outsig, 1);

/// PROCESS_FUN_END

/// PROCESS waiter PROCESS_FUN waiter_run TYPE SP ON sc_host
/// PROCESS poster PROCESS_FUN poster_run TYPE SP ON sc_host

The following codewould be generatedfor the sythesisand simulationcases. Notice that the sc wait() call must be
transformedto indicatethesignaldatatypeandthenumberof signalsfor which theprocessis waiting.

class waiter_c : public sc_sw_process {
public:
sc_insignal<sc_int32>* insig;



waiter_c(const char* process_name,
unsigned int new_id,
sc_system* sys,
host_machine* hm)

:sc_sw_process(process_name, new_id, sys, hm)
{
insig = new sc_insignal<sc_int32>(this);

}
void* run();

};

class poster_c : public sc_sw_process {
public:
sc_outsignal<sc_int32>* outsig;
poster_c(const char* process_name,

unsigned int new_id,
sc_system* sys,
host_machine* hm)

:sc_sw_process(process_name, new_id, sys, hm)
{
outsig = new sc_outsignal<sc_int32>(this);

}
void* run();

};

waiter_c* waiter = new waiter_c("waiter", 1, sc2_system, sc_host);
poster_c* poster = new poster_c("poster", 2, sc2_system, sc_host);

void* waiter_run (waiter_c* proc)
{
sc_int32 data = sc_wait<sc_int32>(1, proc->insig);

} /* Process Fun End */

void* waiter_c::run()
{
waiter_run(this);

}

void* poster_run (poster_c* proc)
{
sc_post(outsig, 1);

} /* Process Fun End */

void* poster1_c::run()
{
poster1_run(this);

}

For thesameexample,considerthesc2program’sCONNECTdirectiveandmain():

/// CONNECT waiter.insig poster1.outsig

void main(int argc, char *argv[])



{
sc_initiate(waiter);
sc_initiate(poster);

}

Thefollowing would beproducedfor thesimulationandsynthesiscode.Thepreprocessorhasaddedtheconnect()call,
thesystemstartupandshutdown code.

void main(int argc, char *argv[])
{
connect(waiter->insig, 16, poster->outsig, 16);
sc2_system->startup();

sc_initiate(waiter);
sc_initiate(poster);

sc2_system->shutdown_wait();
}

Considerthearrayof processesindicatedby thefollowing directives:

/// PROCESS kmeans[2] PROCESS_FUN kmeans_run TYPE HP ON sc_host

/// CONNECT kmeans[0].output_stream kmeans[1].input_stream

For simulationandsynthesis,thefollowing wouldbegenerated(assumingthereis aprior kmeansc classdefinition,which
is omittedfor simplicity).

sc_process_array<kmeans_c, 2>* kmeans_array =
new sc_process_array<kmeans_c, 2>("kmeans", 2, sc2_system, sc_host);

kmeans_c** kmeans = kmeans_array->proc_array;

void main(int argc, char *argv[]) {
/* code omitted */
connect(kmeans[0]->output_stream, 16, kmeans[1]->input_stream, 16);
/* code omitted */

}
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5. The Sim/RT Libraries

Thefigureaboveshows thedifferentlayersin theSim/RT library implementation.
At thelowestplacein thehierarchyis theapplicationlayer, whichmay, for example,definetwo processes,“host process”

and“pe1 process”,connectedby onestream. For this example,“host process’is a softwareprocess,“pe1 process”is a
hardwareprocessandthestreamis ansc int32 datatypestream.Thepreprocessortranslatestheuserdirectivesinto classes
“host processc” and“pe1 processc”. As youcanseefrom theclasshierarchydiagram,theapplicationlevel classesarede-
rivedfrom asetof “sc” classes.Theseareagenericsetof classesusedfor implementingthesc2userdirectives.However, they
arereally implementedfor theunderlyingcommunicationprotocolsby thecommunicationlayerat thetop of thehierarchy
diagram. The “sc” classesareall derived from classesin an upperlayer, the communicationlayer. For this implementa-
tion, thesecommunicationlayerclassesandtheir methodsarespecificallyimplementedfor threads.Othercommunication
protocolsat this level mustprovidethesamenamedclassesandmethods.
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Thefigureabove illustratestheway objectsin theSim/RT would beconnectedin thepreviousexamplewheresoftware
process“host process”is connectedto hardwareprocess“pe1 process”by streams.The wordsin the bold type indicatea
global variablenamefor the object. Thereareglobal variablesfor the sc systemobject,the processobjectsandthe array
that refersto a list of the processesin the system. The top word in a box is the object’s class. For softwareto hardware
connectionsin the pthreadsimplementation,the hardwarefifo is implementedwith a singleobject,pointedto by both the
instreamandoutstream.Notethatsoftwareto softwareconnectionsusea softwarefifo.

The following sectionswill describein moredetail the implementationof eachof the Sim/RT layersandclassesin the
layers.

5.1. System

Sincethe sc2 programcan be implementedwith differentprocessmodelsand becauseprocessescan be dynamically
intiatedandterminated,thesc2implementationmustprovideasystemclassthatrepresentsthesystemasawhole.

Processescanpotentiallyexecuteondifferentmachines,or onthesamemachine,sotheremustbeawayto getinformation
aboutthem. Also, sinceprocessescanbe dynamicallyinitiated andterminated,the systemclassmustkeeptrack of them.
Thesewerenot issuesin thepreviousversionof Streams-C,becauseprocesseswereonly implementedwith threadsresiding
ononemachineandwereinitiatedall atoncein main(),neverreinitiated.At theendof main,it woulddoa join to makesure
all theprocesseswerefinishedbeforeexiting.

Thesc systemclassrepresentsthesystemobject.It mustsomehow containtheprocessobjectsrunningin theprogram.It
is constructedby giving anarrayof sc processobjectsandarraylength.

The sc systemclassis derived from baseclasssystem,which is expectedto be provided by the communicationlayer.
Thesystemclassis expectedto provide thefollowing operations:startup(),initiate process(),terminateprocess()andshut-



down wait().

5.2. Processes

sc2processesarerepresentedby objectsof classesthatarederivedfrom sc sw processandsc hw process.Theseclasses
areinitialized with a nameanduniqueID of theprocess.Thesc [sw,hw] processclassesarederivedfrom [sw,hw] process
classesin thecommunicationlayer, which implementsinitiate()andterminate().

5.3. Built-in scTypes

In a regular sc2 implementation(without an addedfixed point library) 6 sc typesare implemented:sc int8, sc int16,
sc int32, sc uint8, sc uint16,andsc uint32. In orderto implementthe full rangeof typesdefinedin the sc2language,the
usermustuseanaddedfixedpoint library andchangethesc types.hfile to providethebit insertandbit extractoperations.

5.4. Streams

Thereare two typesof streamsat the commlayer. In the sc layer, a templateallows the userto definea streamwith
an sc integer type asits parameter. For example,sc instream� sc int32� is a 32 bit signedinteger type of instream.The
streamclassesarederived from non-templatedclassesinstreamandoutstream.Thesebaseclassesareimplementedin the
communcationlayer. For example,sc instream� sc int32� wouldbederivedfrom theinstreamclass.

In main()streamsareconnectedto eachotherif they areboth in softwareprocesses,or oneis in softwareandoneis in
hardware.Hardwareto hardwareconnectionsarenot represented.Thefifo size(numberof elementsin thefifo) is passedas
parameterwhenstreamsareconnected.

5.5. Signals

Signalswork in ananalogousway to streamsasfar asbeingtemplatedandtheir derivedclasses.They arealsoconnected
in a similarway.

5.6. Err or Checking

Error checkingis doneat thesc level, so that the implementationprovidesconsistenterrorcheckingno matterwhat the
communicationimplementationis.

6. sc2Intrinsic Functions

Most of the sc2intrinsic functionsareimplementedasmacros.This way, the correctfunctioncanbe calleddepending
uponwhat kind of process,stream,signalor sc integer type is passedasan argumentor expectedasa returntype. This
works,becausein theprocessrun functions,theprocessobjectis passedin asa parameter“proc”. Thestreamsandsignals
areaccessiblefrom theprocessobject.sc2systemis aglobalvariable,sois accessiblethatway.

7. The Communication Layer

Thevariousimplementationsof thecommunicationlayermustimplementthe following interface,which is expectedby
the“sc” layerof theSim/RT. (Makethis a table.)

� systemc, with methodsregisterprocess(),initiate process()andterminateprocess(),startup()andshutdown wait().

sw,hw processwith methodsinitiate() andterminate()

� instream,with methodssetelementbytes(),read()andconnectports()

� outstream,with methodssetelementbytes(),write() andconnectports()



� insignal,with methodssetelementbytes(),connectports(),wait for me(),registerwait(), wait for many()

� outsignal,with methodssetelementbytes(),connectports()andpost()

� hostmachine

8. PthreadsImplementation of Communication Layer

8.1. System

For the pthreadsimplementationof the sc2processes,the systemobjectcontainsan arrayof the processesthat canbe
initiatedby theprogram.It alsocontainsa pointerto a processthatrepresentsits own process.It mustalsocontaina mutex
andconditionvariablesothatit canwait until all processeshaveexitedbeforeexiting themain()routine.It cannotexit main()
earlyin shutdown wait() or elsethatwill terminateall theotherrunningthreadsprematurely.

8.2. Processes

Eachprocessclassobjecthasstatewhich sayswhetherit hasbeeninitiated.This is setto falsein theconstructor, thenset
to trueafter thepthreadcreatecall is done.Thereis a mutex protectingthis member. It alsocontainsa pointerbackto the
sc systemobjectanda pthreadhandlefor itself.

In the implementationof initiate() andterminate()the sc systemclassmustget aholdof the mutex in order to set the
“initiated” flag for theobject.

8.3. Streams

As mentionedin the Streamsection,the sc streamsarederived from classesinstreamandoutstream.The softwareto
softwareconnectiosnare implementedin pthreadswith only a fifo member. A streamof a softwareprocesswill sharea
sw fifo with anotherstreamof a softwareprocess.If the connectionis hardwareto softwareor softwareto hardware,they
will bothbesetto point to a hw fifo object.

sw fifo objectscontaina pointerto a buffer andpointersto theheadandtail of thefifo. Thereis a mutex for thefifo and
two conditionvariables,representingtheconditions“closedor not empty” and“not full”. “closedor not empty” is required
becausetheoutstreammaysetitself to closed,in which casetheinstreamshouldnot beableto readfrom it, evenif thereis
datathere.So,theinstreamchecksfor theoutstreamsettingthefifo to closed,or to notempty. In thecaseof closed,it returns
with thedatasetto 0.
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8.4. Signals

Whenconnected,signalspoint to eithersw sig dataor hw sig dataobjectsin a similar way to how streamswork. The
sig dataobjectscontaintheinformationneededto storesignalvalues,indicatethata valueis stored,andindicatethat it is a
signalfor which theprocessshouldwait. sig dataobjectsthatrepresentdatafor insignalsfor aparticularprocessarechained
togetherin a linked list. A signalhandlerobjectassociatedwith the processhasaccessto this list andusesit to manage
waiting for signals.
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9. Dir ectory Structure

The“src/util/pre” directorycontainsthepreprocessorsfor simulationandsynthesis.The“/src/sim rt/sc” directorycontains
the“sc ” classes.The“comm” directoryis meantto includepotentiallymany implementationsof thecommunicationlayer
of the Sim/RT. Right now, only “pthreads”is beingimplemented.The “lib” directorycontainsthe librariesneededby an
applicationprogramto be processedby the Sim/RT. Theselibrariesincludethe “sc” and“comm” libraries. The “include”
directory includesall the includefiles for Sim/RT processingaswell. The “bin” directory includesthe perl scripts. The
“apps” directorycontainsexampleapplicatiosnfor the userto readandrun to helpunderstandhow to usesc2. The “doc”
directoryincludesthesc2referencemanual(sc2.ps,dvi,pdf),andthis document(sim rt.ps,dvi,pdf).


